Importance of the field-A concerted effort by the pharmaceutical industry over the last decade has led to the successful clinical development of protein kinase inhibitors as effective targeted therapies for certain cancers.
Introduction
Protein phosphorylation is an essential post-translational signaling mechanism that controls a myriad of cellular processes. It is catalyzed by protein kinases and reversed by protein phosphatases forming complex tightly regulated signaling networks. Aberrant regulation of kinase signaling cascades is known to cause a variety of human diseases. For decades kinases have been recognized as possible drug targets but wide acceptance was hampered by the idea that potency and selectivity between the 518 human kinases would not be possible by targeting the ATP binding pocket. Although selectivity remains a challenge for medicinal chemists, the clinical use of the eight kinase inhibitors reviewed herein is testament to the original concept that inhibition of kinase signaling by small molecule drugs can be an effective anti-cancer therapy.
Each of the eight approved small molecule kinase inhibitors prevent ATP binding to the ATP-binding site. To this end, both the active and inactive conformations of protein kinases have been used in strategies to produce potent and selective compounds. While none of the molecules are selective to a single kinase, they range from lapatinib and imatinib, which bind to the inactive conformation of their target kinase and are reasonably selective, to dasatinib and sunitinib, which bind to the active conformation and inhibit a broad spectrum of kinases. The requirement of kinase inhibitor selectivity has been hotly debated, with the proposal that anti-cancer therapy requires a delicate balance between selectivity, efficacy and toxicity. On one hand, although non-selective inhibitors increase the likelihood of disruption of normal cellular function, thus increasing treatment related toxicity; most cancers are driven by multiple aberrantly regulated kinases each of which may require inhibition for effective therapy. Although all of the kinase inhibitors have significant toxicity and side effect profiles, as a whole they are better tolerated than the alternative, chiefly cytotoxic chemotherapeutics.
In addition to the small molecule kinase inhibitors, there are four antibodies that target receptor tyrosine kinases approved for cancer treatment. They are not specifically addressed in this review, but are referenced to evaluate toxicities one might expect to observe in human patients following inhibitor of specific kinases. Rrastuzumab (Herceptin ® ) targets the RTK ErbB2 (also called HER2) and is associated with cardiac dysfunction, 4-to 6-fold over control. Bevacizumab (Avastin ® ) targets VEGF and is associated with several indications indicative of vascular integrity/regulation including: decreased wound healing, gastrointestinal perforations, hemorrhage, and hypertension. Panitumumab (Vectibix ® ), and cetuximab (Erbitux ® ) both target EGFR and are associated with significant dermatologic toxicity (90% in panitumumab-treated patients vs. 9% in control and 89% in cetuximabtreated patients vs. 16% in control). Both EGFR inhibitory antibodies are also strongly associated with hypomagnesemia (decreases in magnesium levels).
Two further compounds that function through the inhibition of kinase activity are the rapamycin analogs, everolimus and temsirolimus. Both are approved for renal cell carcinoma (RCC) and in addition temsirolimus is also approved for the treatment of mantlecell lymphoma. These compounds are not focused on in this review as they are indirect kinase inhibitors. Both everolimus and temsirolimus form a complex with the intracellular receptor FK506 binding protein 12 (FKBP12). Upon everolimus or temsirolimus binding, FKBP12 binds to and indirectly inhibits the kinase activity of the mammalian target of rapamycin complex (mTORC1). Due to the success of everolimus and temsirolimus, small molecule inhibitors of the kinase domain of mTOR itself are currently under development and are in early stage clinical trials.
In this review we focus on the molecular properties influencing bioavailability and metabolism and discuss the significance of influx and efflux drug transporters. The efflux transporter permeability glycoprotein (P-gp), an ABC-transporter (ABCB1) commonly referred to as multi-drug resistance protein (MDR1) is well appreciated in the oncology field. P-gp is an inducible efflux transporter and interacts with a number of substrates, including some of the kinase inhibitors reviewed herein. The related efflux transporter protein, ABCG2, is commonly referred to as breast cancer resistance protein (BCRP), and has been shown to be upregulated in tumors and its expression correlates with decreased efficacy of chemotherapy treatment.
Imatinib
Imatinib (GleevecR) was the first FDA approved kinase inhibitor (May 2001) and was an instant breakthrough in the treatment of chronic myelogenous leukemia (CML). CML is a unique indication for the application of kinase inhibitors. CML is the result of the genetic translocation of the c-abl oncogene from chromosome 9 to the breakpoint cluster region (bcr) on chromosome 22 (1, 2) , yielding a bcr/abl fusion with constitutive ABL kinase activity referred to as BCR-ABL. This activity subsequently drives increased proliferation and survival of myeloid progenitor cells (3) . The high effectiveness of imatinib in CML is attributed to the fact that aberrant signaling by BCR-ABL is the driving force for the disease, a concept often referred to as oncogenic addiction.
The earliest patients treated with imatinib participated in phase 1 trials beginning in mid-1998. Remarkably, hematologic response was observed in 53 out of 54 patients treated with daily doses of 300 mg or higher (4) . Five year follow-up data of eleven hundred six patients with newly diagnosed CML showed that 89% of imatinib patients were alive and 83% had experienced no disease-related events five years after initiation of treatment (5) . All patients who achieved complete cytogenetic responses during the treatment survived at 5 years. These efficacy data resulted in approval of imatinib for front line therapy in CML.
Despite the achievable remission rates, resistance to imatinib is an important issue for therapy. A minority of CML patients in chronic phase and a substantial proportion in advanced disease phases display either resistance to imatinib or lose imatinib sensitivity over time and experience relapse. Approximately 30% of patients with CML receiving imatinib as first-line therapy will discontinue treatment by 5 years because of disease resistance or drug toxicity (5) . Resistant cell lines and patient samples have identified several mechanisms for reduced imatinib efficacy ranging from inherent genetic alterations of BCR-ABL to non-specific multi-drug resistance. The most frequently identified mechanisms of acquired imatinib resistance is point mutations in the BCR-ABL kinase domain or altered splice variants that result in loss of treatment efficacy (6) . Therapeutic strategies to overcome imatinib resistance include the use of the second generation tyrosine kinase inhibitors, nilotinib and dasatinib, which are approved in cases of imatinib resistance and are discussed in later sections.
Structural analysis revealed that imatinib binds to the inactive form of BCR-ABL near the ATP-binding site causing a large conformational change of the ABL active site motif Asp-Phe-Gly (DFG), inhibiting BCR-ABL kinase activity and decreasing proliferation. The mechanics of imatinib inhibition are likely responsible for its excellent selectivity. However, imatinib does inhibit at least two other kinases, c-KIT and PDGFR. These additional activities led to the successful use of imatinib to treat myelodysplastic/myeloproliferative diseases associated with PDGFR gene re-arrangements and KIT+ gastrointestinal stromal tumors.
Toxicity
Imatinib is less toxic than interferon or traditional cytotoxics that were previously used for CML. However, like all drugs, imatinib does have toxicity issues. Most imatinib studies were compared to alternative treatments and did not include placebo groups, so distinguishing toxicity due to imatinib from toxicities due to disease state is not straightforward. Reports of anemia, neutropenia, and thrombocytopenia are commonly associated with imatinib therapy, but all of these are typical of CML and may not be related to imatinib. When compared to alternative treatments, imatinib is often associated with fluid retention and edema. Blood chemistry has also shown elevated levels of proteins used as markers of hepatotoxicity (7) . Current prescribing information calls for monthly evaluation of liver function via blood levels of transaminases, bilirubin, and alkaline phosphatase. The imatinib analog nilotinib has significant cardiac indications because of interaction with Human Ether-a-go-go (hERG), a cardiac potassium channel which can lead to lifethreatening cardiac arrhythmia by prolonging the hearts QT interval. Retrospective analysis indicates that changes in QT interval by imatinib are detectable, but appear to be small.
Metabolism considerations
Imatinib has excellent oral absorption in human (>95%) and individual variability is minimal (8, 9) . Metabolism of imatinib occurs primarily in the liver via several cytochrome P450s with CYP3A4 being the major enzyme involved and CYP1A2, CYP2D6, CYP2C9 and CYP2C19 playing lesser roles. Alteration of CYP3A4 levels by co-administration of the CYP3A4 inducer rifampicin, decreased the C max and imatinib half-life by approximately 50% (9) . Concurrent administration with the CYP3A4 inhibitor ketoconazole resulted in a 40% increase in imatinib AUC (10) . Selected pharmacokinetic information is provided in Table 1 .
The major circulating imatinib metabolite is generated through the N-demethylation of the piprazine. This metabolite is also active and has a longer biological half-life than the parent, but the metabolite represents only 10-15% of the total drug level under steady state conditions. Pharmacokinetic drug-drug interactions have been demonstrated with imatinib, which increased the AUC of the CYP3A4 substrate simvastatin by 3.5-fold (11) . This observation is somewhat unusual as the K I for CYP3A4 inhibition by imatinib (8 μM) is two to three times above the imatinib C max under typical dosing regimens. However, plasma concentration may not reflect the concentration in the liver. The majority of P450 that metabolize imatinib are in the intestine and the liver. Local intestinal concentrations immediately after ingesting imatinib are likely to be high as are concentrations in the portal vein leading to the liver. Human tissue distribution data is not available for imatinib, but positron emission tomography (PET) studies in baboons using carbon-11-labeled imatinib provide some information (12) . Drug accumulation was significant in the gall bladder and liver when compared to plasma or other tissues. This may explain why significant clinical 3A4-mediated drug-drug interactions were observed despite plasma levels below the K I . The limitation of this method is that PET does not distinguish between imatinib and imatinib metabolites.
Imatinib is a substrate for multiple drug efflux transport proteins that act to limit the exposure of imatinib to the brain and may play a significant role in imatinib pharmacokinetics. Imatinib is a substrate for both P-glycoprotein (P-gp; ABCB1) and breast cancer resistance protein (BCRP; ABCG2) (13) . After IV injection, plasma imatinib levels were increased in P-gp and BCRP1 knockout mice. It is difficult to determine if this reflects reduced tissue exposure or if it is due to decreasing compound efflux from the liver into the bile. Inhibition of P-gp and BCRP1 by elacridar and pantoprazole, respectively, increased the brain to plasma ratio of imatinib.
While drug efflux transporters alter the pharmacokinetic properties of imatinib and decrease the likelihood of successful treatment of tumors in the brain or tumors that overexpress efflux transporters, influx transporters may be of more significance for imatinib treatment. Imatinib is a substrate for multiple solute carrier family transporters (hOATP1A2, hOCT1, and hOCTN2), and cellular imatinib concentrations are decreased in cells when these influx transporters are inhibited resulting in increases in the observed imatinib EC 50 (14) . This has been shown to be clinically relevant for hOCT1. Patients taking imatinib who have low hOCT1 levels (measured as mRNA levels) have a significantly worse prognosis for disease progression and survival (15, 16) . Structural modification to increase passive permeability would be expected to decrease the importance of influx transporters.
While discussion of imatinib resistance in CML is dominated by BCR-ABL mutations, not all imatinib-resistance patients exhibit such mutations (27% of chronic-phase imatinib resistant patients lacked detectable mutations). Resistant patients with more advanced disease progression were even less likely to have detectable BCR-ABL mutations (52% of accelerated-phase patients and 75% of blast crisis patients testing negative for BCR-ABL mutations) (17).
Nilotinib
Nilotinib (Tasigna ® ) received FDA approved in October 2007, and is an analog of imatinib in which the orientation of the amide is reversed and the methylpiperazine is replaced with a trifluoromethyl and a methyl-imidazole ( Figure 1 ). Nilotinib is intended for patients that have become resistant to imatinib and it effectively inhibits most of the BCR-ABL mutations that can decrease imatinib efficacy. Additionally, nilotinib efficacy is less likely to be influenced by transporters because it is more hydrophobic than imatinib and has increased cell permeability (18) . In a study of imatinib resistant or unresponsive patients, 92% achieved normal white blood cell counts after 5 months of nilotinib treatment. Similar to imatinib, nilotinib binds to and stabilizes the inactive conformation of the kinase domain of ABL and also inhibits PDGFR and KIT.
Toxicity
The most significant toxicity associated with nilotinib is the inhibition of hERG (0.13 μM (19) compared to 14 μM for dasatinib (19) ). While approved, nilotinib carries two black box warnings for heart arrhythmia. Electrocardiograms are recommended to monitor the QT interval at baseline, seven days after initiation of nilotinib treatment and periodically thereafter. Additional monitoring is recommended following any dose adjustments. Because of the cardiac issues with nilotinib, pharmacokinetic drug-drug interactions that result in increased nilotinib concentration are of concern. There were five sudden deaths reported in patients receiving nilotinib in an on-going study (n=867; 0.6%). A similar incidence was reported in the expanded access program (20) . The relative early occurrence of some of these deaths relative to the initiation of nilotinib suggests the possibility that ventricular repolarization abnormalities may have contributed to their occurrence. Thrombocytopenia, neutropenia and anemia, additional to the underlying leukemia, can usually be treated by decreasing dose or treatment interruption. Elevated hepatic enzymes (grade 3 or 4) are seen in approximately 10-15% of patients but rarely progress to hepatitis (20) .
Metabolism considerations
Despite the structural similarity, the pharmacokinetic disposition of nilotinib is significantly different than imatinib. Oral absorption of nilotinib is much lower, about 30% which is increased to about 50% when taken with a high fat meal. After dosing radiolabeled nilotinib to healthy subjects, elimination of unchanged drug accounted for 69% of the dose, primarily in feces, compared to 25% with imatinib. Similar to imatinib, drug accumulation was observed in multiple dose pharmacokinetic studies with maximal concentrations two to three fold higher after seven days of dosing. Nilotinib is greater than 99% protein bound to plasma proteins (21) . CYP3A4 is the primary enzyme capable of nilotinib metabolism, but none of the known metabolites contribute significantly to the pharmacological activity of nilotinib. In rats, nilotinib concentration in liver is approximately 9-11 fold higher than plasma but CNS exposure is limited with brain and spinal cord concentrations being only 6 and 5% of plasma levels (19) .
While nilotinib is structurally very similar to imatinib, it is significantly more hydrophobic (log D of 0.8 for imatinib and 2.4 nilotinib). Nilotinib rapidly enters cells in culture with maximal concentration reached within 2 minutes (18) . In contrast to imatinib, expression of the transporter hOCT1 did not increase the rate of nilotinib influx into cells (18) . Nilotinib was however found to inhibit the transfer of known hOCT1 and P-gp substrates. It has been suggested that this is due to nilotinib binding to the transporter non-productively (18). However, it is possible that nilotinib acts as a competitive inhibitor because it is transported by hOCT1 and/or P-gp, but discernable differences in the rate of cellular nilotinib accumulation may be masked by the high rate of nilotinib passive diffusion into cells.
When taken in parallel with the CYP3A4 inhibitor ketoconazole (400 mg once daily for 6 days), the systemic exposure of nilotinib was increased approximately 3-fold. This is greater than would be expected considering only about 30% of a given nilotinib dose is metabolized with the majority excreted unchanged in the bile. The discrepancy may be due to a combined effect of inhibition of nilotinib metabolism by CYP3A4 and inhibition of biliary excretion by P-gp. While ketoconazole is commonly referred to as a selective CYP3A4 inhibitor, this selectivity refers to other cytochrome P450s. Ketoconazole is also a known inhibitor of P-gp, thus inhibition of P-gp by ketoconazole would be expected to increase nilotinib plasma concentration because less of the nilotinib dose is transported into the bile.
Healthy subjects receiving the CYP3A4 inducer rifampicin (600 mg once daily for 12 days), had decreased systemic nilotinib exposure of approximately 80%. This may also require further clarification. Rifampicin increases the levels of CYP3A4 by activation of the nuclear hormone receptor PXR. Rifampicin has also been shown to increase the expression of P-gp through PXR activation of the DR-4 regulatory sequence of the P-gp gene (22) . It is possible that both enzymes are upregulated and the decrease in nilotinib exposure is from a summation of both of these elimination pathways.
Dasatinib
Dasatinib (Sprycel ® ), a second generation BCR-ABL inhibitor of novel chemical structure was approved by the FDA in June 2006, for the treatment of imatinib resistant CML. Patients who failed to respond to imatinib treatment or where imatinib efficacy was lost during treatment had no attractive treatment options until the development of second generation BCR-ABL inhibitors. Dasatinib was designed to inhibit BCR-ABL and SRC (a tyrosine kinase involved in cell growth) and has biochemical potency between 0.1 nM and 3 nM for BCR-ABL and most of the common BCR-ABL mutations (23) . Dasatinib is a highly promiscuous kinase inhibitor as demonstrated by a recently published selectivity screen of 287 human protein kinases. Reported dasatinib binding affinity was below 100 nM for 16% of tested kinases, however these were heavily weighted towards tyrosine kinases (47% of all the tyrosine kinases had binding affinity below 100 nM, but only 4.8% of serine-threonine kinases did) (24) .
Dasatinib proved to be highly effective in imatinib resistant or unresponsive patients, with greater than 90% achieving normal white blood cell counts after 6 month of treatment. In a small study of patients who were non-responsive to both imatinib and nilotinib, treatment with dasatinib was effective in 13/23 patients and complete hematologic response was seen in 10/23 (25) . It is unclear if this is due to the addition of SRC inhibition, dasatinib inhibiting a wider number of BRC-ABL mutations, the 50+ fold greater biochemical potency of dasatinib, or the inhibition of additional unappreciated kinases (23) . Dasatinib, imatinib and nilotinib are all ineffective at inhibiting the T315I mutant of BRC-ABL (26) and it is unclear if the nonresponders had this mutation.
Toxicity
Both dasatinib and imatinib are associated with fluid retention, but dasatinib has higher rates of pleural effusion 17/101 vs 0/49 and dyspnea (shortness of breath) (27) . Most other commonly observed toxicities are similar or lower in occurrence to imatinib. Dasatinib has the potential to prolong cardiac ventricular repolarization (QT interval), but occurrences appear to be low and dasatinib is a much weaker inhibiter of hERG than nilotinib. In a single-arm clinical study of leukemia patients, the mean QTc interval changes from baseline were 3-6 msec. There are also reports of dasatinib-induced acute hepatitis (28) and dasatinib-induced lupus (29) in the literature. The prevalence and cause of these are unknown.
Metabolism considerations
Elimination is primarily via the feces (85%) with unchanged dasatinib accounting for 19% of the administered dose. Dasatinib is extensively metabolized by CYP3A4 with contribution from flavin-containing monooxygenase 3 (FMO-3) and uridine diphosphateglucuronosyltransferase (UGT). CYP3A4 generates an active metabolite, which is equipotent to dasatinib, but represents only about 5% of the dasatinib AUC. The mean C max and AUC of dasatinib were decreased by 81% and 82% respectively, when administered following 8 days dosing with 600 mg rifampin, a potent CYP3A4 inducer. Coadministration of 20 mg dasatinib with ketoconazole (200 mg twice daily) resulted in a 385% increase in dasatinib AUC (30) . In human liver microsomes, dasatinib was a timedependent inhibitor of CYP3A4 (31) . At clinically relevant concentrations, dasatinib does not inhibit CYP1A2, 2A6, 2B6, 2C8, 2C9, 2C19, 2D6, or 2E1.
In contrast to imatinib, uptake of dasatinib into mononuclear cells of CML patients does not appear to be mediated by OCT1 or OCT3 (32) . However, the cellular efflux transporters Pgp and BCRP have been shown to decrease intracellular dasatinib concentration in cellbased studies. This manifested in an EC 50 shift of approximately 10 and 2.5 fold for P-gp and BCRP over-expressing cell lines, respectively (32) . Efflux transporter activity is proposed to be the reason that dasatinib has poor brain exposure. Studies in which a pregnant rat was given a single oral dose of radiolabeled dasatinib showed extensive tissue distribution with levels in the kidney, liver, lung and placenta greater than five-fold higher than plasma (33) . Dasatinib levels were below detection in the brain, spinal cord and bone. However, dasatinib was not excluded from the brain of the rat pups, possibly due to low levels of transporters or lack of tight junctions in the developing brain. Dasatinib levels in rat breast milk were found to be approximately twentyfold higher than in plasma (33) .
Dasatinib inactivates CYP3A4 in a time-dependent manner (31) . The K I (6 μM) is approximately thirtyfold the C max of a single 100 mg oral dose, but upon multiple dosing dasatinib levels increase 2-3 fold. In rat, dasatinib levels were found to be 8 times higher in liver than in plasma (33) . If the same is true in humans, dasatinib may initiate pharmacokinetic drug-drug interactions with other CYP3A4 substrates. The prescribing information of Sprycel/dasatinib note a clinical drug-drug interaction study where 54 healthy subjects where co-dosed with 100 mg dasatinib and the cholesterol lowering medication simvastatin, resulting in mean simvastatin C max and AUC increases of 37% and 20%, respectively. Full experimental conditions are not published so it is not clear what effect dasatinib had on the concentration of CYP3A4 catalyzed simvastatin metabolites and how the simvastatin hydroxy acid metabolite was accounted for, as its formation is not catalyzed by CYP3A4. It is also not possible to make conclusions about dasatinib's potential for irreversible mechanism-based CYP3A4 inhibition without pre-dosing experiments.
Dasatinib has been demonstrated to be oxidized by CYP3A4 to form two reactive intermediates capable of covalently binding biomolecules (31) . Oxidation of dasatinib by CYP3A4 can directly generate a methyl-imine and the CYP3A4 catalyzed para-hydroxy metabolite can be oxidized to form a quinone-imine. Quinone-imine formation could not be prevented by analogs that blocked the para position with either fluorine or chlorine (31) . Figure 2 details the mechanism of bioactivation. Similar reactive intermediates were generated from gefitinib and erlotinib. A proposed epoxide intermediate is depicted for the oxidative dehalogenation of dasatinib analogs and gefitinib, but it is not required when the para substituent is hydrogen. Glutathione is used as a generalized nucleophile, but reactive intermediates capable of formation of a covalent bond with the sulfhyral of glutathione would be expected to react with other cellular nucleophiles such as the sulfhydral groups of cysteine. The importance of potential dasatinib-protein adduct formation in vivo is unknown. Idiosyncratic hepatic toxicity has been associated with reactive intermediate formation (diclofenac (34) , carbamazepine (35, 36) , tienilic acid (37), or dihydralazine (38, 39) ), but not all drugs that generate reactive intermediate in vitro have observable clinical hepatic toxicities.
Gefitinib
Gefitinib (Iressa ® ) is a reversible inhibitor of the epidermal growth factor receptor tyrosine kinase (HER1/EGFR) and was approved in May 2003, for patients with non-small cell lung cancer who were refractory to established cancer treatments (40) . Deregulation of EGFR signaling is implicated in the proliferation and maintenance of multiple cancers. Gefitinib was initially approved based on data demonstrating gefitinib treatment increased the delay in tumor growth. Subsequent studies have shown that survival times do not track with tumor growth. Factors influencing responder vs. non-responder are complicated and appear to have ethnic and tumor specific factors. While still approved, the FDA limited the use of gefitinib, which has largely been supplanted by erlotinib.
Toxicity
Gefitinib is associated with diarrhea and rash in over 40% of patients (41, 42) . These are not dissimilar to the effects of the EGFR antibodies panitumumab and cetuximab, suggesting that these are indicative of the target and not drug specific. Gefitinib specific toxicities include drug induced liver injury (43, 44) and pulmonary toxicity, such as interstitial lung disease (ILD), which occurs in low incidence but can be serious and sometimes fatal (45) (46) (47) (48) (49) (50) (51) (52) . The incidence of ILD in patients receiving gefitinib has been estimated at 2% in Japan and 0.3% in the USA (53) . A report of 112 Japanese patients receiving gefitinib therapy reported a higher ILD occurrence rate of 5.4%, leading to four deaths (52) . Observations in patients that were removed from gefitinib due to ILD and later re-introduced to the drug revealed ILD recurrence was more rapid and severe than the first episode (51, 54) indicating a possible immune system role rather than direct drug cytotoxicity. All reported deaths due to gefitinib-induced ILD occurred in current or former smokers and may be related to reactive metabolite formation discussed in the metabolism section (52).
Metabolism considerations
Bioavailability of gefitinib after oral dosing is approximately 60% (55), but C max in a 24 patient single oral dose clinical trial reported individual variation up to 15-fold (56) . In humans, gefitinib was shown to be metabolized extensively by CYP3A4 and to a lesser degree by CYP3A5, 1A1, and 2D6. Clinical evaluation of the effect of rifampin, a potent CYP3A4 inducer, caused decreases in gefitinib concentration and the CYP3A4 inhibitor itraconazole increased gefitinib plasma levels. The major metabolic pathways included morpholine ring-opening, step-wise removal of the morpholine ring, and oxidative defluorination to form a hydroxyaniline metabolite (57) (58) (59) (60) . The para-hydroxyaniline metabolite may undergo P450-mediated two-electron oxidation, forming a reactive quinoneimine metabolite (61) . In experiments using lung microsomes, gefitinib can be activated to a reactive electrophile capable of covalently labeling biomolecules. This is primarily catalyzed in the liver by CYP3A4 and in the lung by CYP1A1, an enzyme which is upregulated in smokers. The rate of reactive gefitinib metabolite formation was 12-fold higher in pulmonary microsomes from smokers when compared to non-smokers (61) .
Gefitinib extensively distributes in tissue. A PET study in mice utilizing the isotope 18 F found gefitinib concentrations at least five times higher than plasma levels in the liver, colon, and kidney at two hours. High levels were observed in the lung during early timepoints, but these decreased disproportionately with time (62) . A second study, using LC-MS/MS quantitation of gefitinib after oral dosing of gefitinib in mouse, found modest gefitinib brain concentration (15% of plasma levels at the two-hour time point), but high concentrations in the liver and lung (10-fold higher than plasma) (61) .
There are large differences in the cellular level of gefitinib in BCRP expressing vs. nonexpressing cell lines, but these differences diminish or disappear at high gefitinib concentrations. This is likely because the rate of passive diffusion is greater than the capacity for BCRP mediated efflux. An alternative hypothesis suggests that the decreased efficiency of BCRP at excluding high concentrations of gefitinib is because EGFR inhibition disrupts kinase signaling proposed to go through PI3K and AKT, leading to decreased expression of BCRP at the cell surface (63) . If this is the case, similar disruption might be expected for other EGFR inhibitors such as erlotinib and lapatinib, but we are unaware of either supporting or contradictory data on this topic.
Gefitinib is an inhibitor of BCRP and P-gp at clinically relevant concentrations. Resistance to the topoisomerase inhibitor topotecan is strongly correlated to the expression level of BCRP in small cell lung tumors. Co-dosing of topotecan and gefitinib increases the potency of topotecan in BCRP expressing tumors in a dose related fashion, but has minimal effect on topotecan potency in tumors that do not express BCRP (64) . A similar study using vincristine demonstrated the role of gefitinib inhibition of P-gp (65).
Erlotinib
Erlotinib (Tarceva ® ) is a reversible inhibitor of the epidermal growth factor receptor tyrosine kinase (HER1/EGFR), and was approved for second-and third-line treatment of non-small cell lung cancer (NSCL) in November, 2005 (40) . Compared to traditional cytotoxic therapies, erlotinib provides a survival benefit after failure of first line or second line chemotherapy in NSCL and in the treatment of advanced pancreatic adenocarcinomas together with chemotherapy (66, 67) . Erlotinib inhibits purified human EGFR and blocks autophosphorylation in cellular assays with IC 50 values of 2 and 20 nM, respectively. In binding assays, erlotinib K d was 0.3-1.6 nM for EGFR and common EGFR mutations (24) . Erlotinib was reasonably selective against a panel of 317 tested kinases with K d below 100 nM for only 1.4% of the kinases. However, 15.2% had K d below 3 μM, and erlotinib has a C max of 6-8 μM under repeat dosing conditions (68).
Toxicity
Treatment with erlotinib has been associated with similar adverse effects to its structural analog gefitinib such as skin rash and diarrhea (69) (70) (71) . Reports of adverse hepatic reactions with erlotinib are accumulating (72) (73) (74) (75) (76) (77) , revealing its potential to cause liver toxicity. In September 2008, OSI Pharmaceuticals and Genentech reported that in a pharmacokinetic study of 15 patients with advanced solid tumors complicated by moderate liver impairment, 1 patient died from hepatorenal syndrome and 1 patient died because of progressive liver failure (78) . Clinical evidence confirmed the diagnosis of acute hepatitis and attributed the liver toxicity to erlotinib.
Interestingly, correlation between the severity of erlotinib associated skin rash and efficacy of the drug in non-small cell lung cancer patients from two large phase III trials was strong enough to lead to the conclusion: "Physicians and patients should view rash development as a positive event indicative of greater likelihood of clinical benefit" (79) . While there was a trend between increased rash and increased plasma concentration of erlotinib, concentration alone appeared to be a poorer predictor of efficacy than rash severity (79) . Gefitinib and EGFR inhibitory antibodies are also associated with rash, leading to a probable mechanistic association of rash and EGFR inhibition.
Metabolism considerations
Erlotinib is about 60% absorbed after oral administration under fasting conditions and almost 100% when taken with food. Erlotinib solubility decreases at higher pH and coadministration with the proton pump inhibitor omeprazole, decreased erlotinib AUC by 46% (80) . In humans, erlotinib is extensively metabolized by CYP3A4 and to a lesser extent by CYP1A2 and the inducible isoform CYP1A1 (60, 81) with metabolites primarily excreted in the bile. Only 1% of the dose is excreted as intact erlotinib. There are three primary routes of erlotinib metabolism: O-demethylation of the side chain with/or without further oxidation to the carboxylic acid, oxidation of the acetylene moiety to the aryl carboxylic acid, and 4hydroxylation of the phenyl-acetylene moiety (81) .
The pharmacokinetic profile of erlotinib is greatly affected by cigarette smoking. While the C max was minimally altered in single dose studies between smokers and non-smokers, the AUC in smokers was 2-to 3-times lower and median half-life decreased from 9-12 hours in non-smokers to 4-5 hours in smokers (82) . This is likely due to induction of CYP1A1 and CYP1A2 which are known to be upregulated in smokers. Co-treatment with the potent CYP3A4 inhibitor ketoconazole increases erlotinib AUC by approximately 70%. Pretreatment with the CYP3A4 inducer rifampicin for 7 days decreased erlotinib AUC by 60 to 80%. Even tripling the erlotinib dose to 450 mg resulted in a mean erlotinib AUC of only 58% of that observed following a single 150 mg in patients not previously pretreated with rifampicin (80).
Oxidation of erlotinib by CYP3A4 and CYP1A1 generates a para-hydroxyaniline metabolite through hydroxylation of the phenyl ring (60) . Further P450-mediated two-electron oxidation of the para-hydroxyaniline results in the formation of a quinine-imine capable of covalent binding to cellular protein (83) . It is not known if the observed erlotinib-associated hepatotoxicity is related to reactive metabolites or due to inhibition of an individual or a combination of kinases.
Erlotinib inactivates CYP3A4 and CYP3A5 in a time-and concentration-dependent manner whereas CYP1A1 is not inactivated despite forming the glutathione-reactive metabolites. The aniline group was proposed to be responsible for P450 inactivation and not the alkyne group, based on the synthesis of analogs were the alkyne of erlotinib was replaced with an ethyl or cyano group. In Human liver microsomes, the inactivation of CYP3A had kinetic constants of k inact = 0.10 min −1 and K I = 9 μM (83). With standard therapy (150 mg daily oral dose) the clinical erlotinib C max is 6 to 8 μM (68) implying that erlotinib concentrations may be sufficient to inactivate CYP3A in vivo. Additionally, in mice, erlotinib concentrations were found to be three-fold higher in the liver than in plasma. Similar partitioning in human would increase the likelihood of CYP3A4 inactivation.
Erlotinib is a substrate for P-gp and BCRP and an inhibitor of both enzymes. AUC after oral dosing in Bcrp1 −/− /Mdr1a/1b −/− (triple-knockout) mice was 50% higher than in control (84) . Erlotinib resistance in non-small cell lung cancer mouse xenografts did not correlate with BCRP or P-gp expression; however, only 6 of 26 tumors were responsive to erlotinib and EGFR over expression or constitutive activation was not evaluated (85).
Lapatinib
Lapatinib (Tykerb ® , Tyverb ® ) was approved in March 2007 for the treatment of herceptin refractory HER2 positive breast cancers, inhibits EGFR (ERB1) and HER2 (ERB2). Lapatinib is highly selective when compared to other kinase inhibitors and is commonly used in concert with capecitabine (Xeloda ® ). A randomized clinical breast cancer trial demonstrated that lapatinib in combination with capecitabine increased time for detectable tumor growth compared to capecitabine alone and the risk of disease progression was reduced by 51% (86) . Structural analysis indicates that lapatinib binds in the ATP binding site of EGFR and HER2, inducing a structural rearrangement of the proteins tertiary structure resulting in very long off rates (hours-days) (87) . The slow off-rate of lapatinib correlates with prolonged down-regulation of receptor tyrosine phosphorylation in tumor cells.
Toxicity
Lapatinib treatment is commonly associated with diarrhea, fatigue, nausea and rashes (88) . Some of the toxicities noted in lapatinib trials are likely due to it being used in concert with capecitabine. Over 50% of patients developed hand-foot cutanious conditions (Palmarplantar erythrodysesthesia), but a similar level developed this disorder when taking capecitabine alone.
Lapatinib has been shown to cause an increase in liver enzymes and in a small subset of patients more severe drug-induced hepatotoxicity (approximately 1% of patients), this appears to be reversible when treatment is stopped, but in some cases has been fatal. Increases in bilirubin observed in a fraction of lapatinib patients is a likely indicator of hepatic damage given the clinically observed hepatotoxicity, but increased bilirubin levels may also be influenced by inhibition of transporters such as OATP1B1 which would decrease hepatic bilirubin uptake or by inhibition of Pgp and BCRP which would decrease bilirubin excretion into the bile.
The QT prolongation potential of lapatinib was assessed as part of an uncontrolled, openlabel dose escalation study in advanced cancer patients where eighty-one patients received daily doses of lapatinib ranging from 175 mg/day to 1,800 mg/day. Thirteen of the 81 subjects were found to have an increase in QTcF >60 msec (89) . Analysis of the data suggested a relationship between lapatinib concentration and the QTc interval. Furthermore, lapatinib is also associated with decreases in the left ventricular ejection fraction in approximately 1% of patients. Similar to other small molecule EGFR inhibitors erlotinib and gefitinib, lapatinib has been associated with interstitial lung disease.
Interestingly, the percentage of patients developing a rash with capecitabine (14%) increased only modestly with the addition of 1250 mg lapatinib (28%). Lapatinib is primarily believed to function through dual inhibition of ERB-2 and EGFR. The other EGFR inhibitors erlotinib and gefitinib are associated with rash in 50-80% of patients, and the two EGFR antibodies panitumumab and cetuximab are associated with significant dermatologic toxicity in 90% and 89% of patients, respectively. Because the severity of the skin rash was found to be a good indicator of clinical efficacy and patient survival with the EGFR inhibitor erlotinib in non-small cell lung cancer (79) , there was initial worry in the first lapatinib trials when patients were not exhibiting the expected rash. The reason for this discrepancy is unclear. The therapeutic anti-EGFR antibodies block EGF binding and prevent activation of the kinase domain and EGFR homo-and heterodimer formation. This may disrupt signaling in a kinase independent manner and lead to the associated dermatologic toxicity. Perhaps lapatinib binding results in changes in dimer formation or scaffolding that differs from erlotinib and gefitinib.
Metabolism considerations
Lapatinib is poorly absorbed and high doses are prescribed (1250 mg taken once daily). A single fasting dose is recommended, but dividing the dose to twice a day results in 2-fold higher exposure and taking lapatinib with a high fat meal increases AUC by 3-fold. This large food effect has started a debate on the economics of lapatinib treatment. The cost of a one-month supply of lapatinib is approximately $2500-3000 and switching from taking 5 × 250 mg pills under fasted conditions to 2 × 250 mg with a high fat meal could provide individual patients with significant savings (90) . This suggestion is countered with the potential for greater variability in patient lapatinib concentrations depending on what they had for breakfast (91) .
Lapatinib pharmacokinetics was significantly affected by modifying CYP3A4 activity. Pretreatment with ketoconazole, 200 mg twice daily for 7 days, caused a 260% increase in AUC compared to control. Similarly, three-week pretreatment with the CYP3A4 inducer carbamazepine caused approximately 70% decrease in lapatinib AUC (92) . In rats, lapatinib concentration in the liver was shown to be 5-to 8-fold higher than the circulating blood concentration (93) . It is not known if the same is true in human, but the elevated hepatic concentration would need to be considered in simulations of drug-drug interactions and in any hepatic toxicokinetic interpretation.
In vitro studies indicate that lapatinib is a substrate for the transporters BCRP (ABCG2) and P-gp (ABCB1). Lapatinib is also an inhibitor of these efflux transporters and the hepatic uptake transporter OATP1B1 at clinically relevant concentrations. Inhibition of P-gp and OATP1B1 are reported to have IC 50 values of 4 μM and BCRP is 0.025 μM (93) . Additionally, the transporter OAT3, which is primarily associated with the kidney but appears to have minor roles in elimination from the brain and import into the liver, was inhibited at higher concentrations. The interaction of lapatinib with cellular transport proteins has the potential to exclude lapatinib from certain tissues and tumors and may lead to deleterious drug-drug interactions. However, useful interactions have been reported such as the increased efficacy of two traditional cytotoxic drugs, doxorubicin and mitoxantrone. When co-dosed with lapatinib in BCRP and P-gp-overexpressing tumor cells, transport of doxorubicin and mitoxantrone out of the tumor cell is inhibited (94) .
Brain metastasis has been traditionally observed in 10 to 15% of breast cancer patients, but may be higher in Her2-overexpressing breast cancers. Up to 35% of HER2-positive advanced breast cancer patients have a relapse because of intracranial metastasis despite control of the peripheral tumor (95) . The 1-year survival rate is only 20% after brain metastases. Initial data suggests that lapatinib may potentially be beneficial at decreasing brain metastasis, but the results were not statistically significant (86) . A study using female BALB/c nude mice showed approximately 50% fewer large metastases in the brain when treated with either 30 or 100 mg/kg lapatinib, in addition autophosphorylation of EGFR was reduced (96) . This is tempered by the results of Polli et al, who published a whole-body autoradiogram of a male rat 4 h after oral administration of 10 mg/kg 14 C-labeled lapatinib (93) . Lapatinib concentrations in the brain and cerebrospinal fluid were extremely low compared to the blood and the rest of the body's tissues. Brain/plasma ratio in mice was shown to vary with dose, with a ratio of approximately 0.05 with a 1 mg/kg dose and 0.25 with a 10 mg/kg dose. Brain concentrations of lapatinib were increased 3-to 6-fold in mdr1a/1b(−/−) knockout mice (93) when compared to control. It is possible the reported decrease in metastases in mice with lapatinib treatment is dependent upon saturation of brain efflux transporters and thus driving passive diffusion with high drug plasma levels.
The metabolite profile of lapatinib has not been published, but the prescribing information indicates formation of O-dealkylated metabolites. O-dealkylation of lapatinib results in the formation of a para-hydroxyaniline. Formation of para-hydroxyaniline metabolites during the metabolism of dasatinib, erlotinib, and gefitinib were all demonstrated to be further oxidized to a quinone-imine which could covalently modify biomolecules. With the very high lapatinib dose, 1250 mg/day, if a similar reactive intermediate is formed during the metabolism of lapatinib, this could play a role in the observed risk of hepatotoxicity.
Sorafenib
Sorafenib (Nexavar ® ) was approved in December, 2005 for the treatment of advanced renal cell carcinoma and later approved for unresectable hepatocellular carcinoma. Sorafenib is a multiple kinase inhibitor and inhibits multiple intracellular (CRAF, BRAF and mutant BRAF) and receptor cell surface kinases (KIT, FLT-3, RET, VEGFR-1, VEGFR-2, VEGFR-3, and PDGFR-β). Several of these kinases are involved in tumor cell signaling, angiogenesis, and apoptosis. Results of a double-blind, placebo-controlled trial in patients with unresectable hepatocellular carcinoma showed an improvement in overall survival, with a median survival time of 10.7 vs. 7.9 months; p= 0.00058.
Toxicity
Sorafenib is associated with a range of side effects and toxicities. In separate trials, the incidence of cardiac ischemia/infarction was 2.7% in sorafenib patients compared with 1.3% in the placebo group and in a second trial the rates were 2.9% in the sorafenib group compared with 0.4% with the placebo group (97) . Incidence of hypertension was also noted to increase, 9%, compared to 4% for placebo, hence weekly monitoring of patient blood pressure is recommended. Sorafenib did not alter liver function tests and appears to have minimal hepatic toxicity.
VEGF inhibition appears to be associated with adverse effects particularly with function and homeostasis of the cardiovascular and renal systems, plus wound healing and tissue repair. A recent review details the clinical incidence of adverse effects associated with the small molecule inhibitors of VEGF, sorafenib and sunitinib, along with bevacizumab, a VEGF inhibitory monoclonal antibody (98) . While it is difficult to make direct comparisons because of differences in patient population and co-medications, the overall cardiovascular and renal system toxicities imply that much of the observed toxicity is target based and not specific to the individual agent.
Metabolism considerations
Sorafenib is typically dosed at 400 mg, without food twice per day. Bioavailability is decreased if taken with a high-fat meal. With repeat dosing a 2.5-to 7-fold accumulation of sorafenib is observed. An active metabolite (pyridine N-oxide) is 9-16% the concentration of sorafenib at steady-state. Sorafenib is primarily excreted unchanged in the feces, but 15-20% of the dose is excreted in urine as glucuronidated metabolites and approximately 5% of the dose is metabolized through oxidative metabolism. For the percentage of the dose that is metabolized, the major routes of metabolism are CYP3A4 catalyzed oxidations and UGT1A9 catalyzed glucuronidation. In circulation, sorafenib is highly bound (99.5%) to human plasma proteins (99) .
Sorafenib inhibits numerous drug metabolizing enzymes; however, most were not significant when tested in clinical drug-drug interaction studies. Sorafenib was a competative inhibitor of CYP2C19, CYP2D6 and CYP3A4 with Ki values of 17 μM, 22 μM and 29 μM respectively; however, when 400 mg sorafenib was concomitantly dosed with midazolam (CYP3A4 substrate), dextromethorphan (CYP2D6 substrate) and omeprazole (CYP2C19 substrate) there was not a significant increase in the AUC of any of the drugs. No clinical assessment was done for the inhibition of CYP2B6 (Ki = 6 μM) or CYP2C8 (Ki = 1 μM) substrates (97) .
Sorafenib did cause clinical drug-drug interactions when co-dosed with substrates of UDPglucuronosyltransferases. Sorafenib inhibits glucuronidation by UGT1A1 (Ki = 1 μM) and UGT1A9 (Ki = 2 μM). When concomitantly dosed with irinotecan, whose active metabolite SN-38 is further conjugated by UGT1A1, there was a 67-120% increase in the AUC of SN-38 and a 26-42% increase in the AUC of irinotecan (97) .
Ketoconazole (400 mg) did not alter the mean AUC of sorafenib after a single 50 mg oral dose. This is not unexpected given the relatively small percentage of the drug that is degraded by oxidative metabolism. The level of the sorafenib N-oxide metabolite, which is produced by CYP3A4, was decreased from approximately 80 ng/ml in the sorafenib-alone group to below the level of detection in the sorafenib-ketoconazole group (level of detection was 10 ng/ml) (100).
To our knowledge, studies with CYP3A4 inducers have not been reported, but considering 3A4 is only responsible for the metabolism of approximately 5% of the sorafenib dose, significant alterations in the overall pharmacokinetic profile would not be expected. Inducers of UGT1A9 which is responsible for the metabolism of 15-20% of the sorafenib dose have greater potential for decreasing the sorafenib AUC. UGT1A9 expression is controlled by the aryl hydrocarbon receptor and is induced by agents such as omeprazole and cigarette smoking.
Solute carriers did not appear to significantly increase the transport of sorafenib into cells that over expressed individual transporters: OATP1A2, OATP1B2, OATP1B3, OCT1, OAT2, OAT3, OCTN1, or OCTN2. Sorafenib was transported by the efflux transporter Pgp, and was a low micromolar inhibitor of P-gp and related ABC transporters (101) . The authors report in vivo data with P-gp knockout mice and report a modest P-gp effect on minimizing drug levels of sorafenib in the brain.
Sunitinib
Sunitinib (Sutent ® ) is a multi-target receptor tyrosine kinase (RTK) inhibitor, approved by the FDA in January 2006 for the treatment of renal cell carcinoma (RCC) and imatinibresistant gastrointestinal stromal tumor (GIST). Sunitinib inhibits the kinase domain of all the isoforms of PDGF-R and VEGFR. Interferon alpha (IFNα) or Interleukin 2 (IL-2) were standard RCC care prior to sunitinib, despite their poor rates of efficacy (5-20%). In two Phase II studies, sunitinib demonstrated response rates of approximately 40% in patients who had previously failed IFNα or IL-2 therapy. The FDA approved sunitinib for first-line use in RCC prior to Phase III data, which later confirmed the earlier results that demonstrated sunitinib increased progression-free survival to 11 months compared to 5 months for IFNα (P<.000001) (102, 103) .
Sunitinib also inhibits KIT, and is used for KIT-positive gastrointestinal stromal cell tumors (GIST). About 85-90% of imatinib-resistant KIT-positive GIST are associated with a gainof-function mutation in KIT. Mutations in the ATP binding site of KIT result in loss of imatinib efficacy; whereas sunitinib retains activity with the most common ATP binding site mutations. Sunitinib resistance appears with additional mutations in the activation loop of KIT (104).
Toxicity
Sunitinib has a significant side-effect profile, likely due to target based toxicity from inhibition of VEGFR and the combination of additionally inhibited kinases. Common side effects include fatigue, diarrhea, nausea, anorexia, hypertension, hand-foot syndrome, yellowing of the skin (due to the yellow color of sunitinib and its metabolites) and other dermatologic and haematological toxicities. While reported to be well tolerated, it should be noted that sunitinib is dosed in cycles of 50 mg daily for 4 weeks followed by two weeks washout for the patient to recover from treatment-associated toxicities. Dose reduction is required in approximately 50% of RCC patients with daily doses of 37.5 or 25 mg recommended if drug toxicity is too great. Despite the severity of the diseases treated with sunitinib, the percentage of patients that discontinue sunitinib due to adverse events have been reported to be as high as 19% (105) . Recently published data suggests that the incidence of severe toxicity may be higher among the general RCC patient population than earlier reported due to trial exclusion criteria, with incidence of severe toxicity being higher in females and much higher in the elderly (106).
Metabolism considerations
Because the toxicity profile of sunitinib is largely concentration dependent, pharmacokinetic drug-drug interactions are of particular concern. Interactions that cause an increase in sunitinib concentration are likely to be associated with increases in the already significant side effects. Metabolism is primarily via CYP3A4 generating an active metabolite (active metabolite levels ≈ 30% of parent) (107) . Concomitant dosing with ketoconazole resulted in a 51% increase in sunitinib AUC and rifampicin caused a 46% decrease in AUC. Sunitinib accumulates 3-4-fold with repeat dosing. Brain exposure in human is unknown. In our hands, we found moderate brain exposure of sunitinib in mice and limited exposure in rats. It is not known if this is exclusively due to transporters or a combination of factors.
Brain exposure was increased three-fold in P-gp knockout mice, compared to control (101) . Other factors such as plasma protein binding may also be involved. The percentage of bound sunitinib in plasma is approximately 95% in mouse and 99% in rat (human is approximately 95%). While not yet demonstrated in clinical tumor samples, the decrease in brain exposure in P-gp expressing mice compared to P-gp null mice indicates that sunitinib can be transported out of tissues in vivo. This suggests that tumor expression of efflux transporters may influence sunitinib efficacy by decreasing the level of drug within the tumor.
Care needs to be taken when working with sunitinib in vitro because sunitinib readily isomerizes when exposed to light through rotation of the double bond between the indoline and pyrole rings. The most stable form is the Z isoform (as drawn in figure 1 ). The higher energy E isomer (trans configuration) converts back to the Z isomer over time in the dark. The E isoform is over 100-fold less active against VEGFR.
Conclusions
Similarities in metabolism between the eight approved small molecule kinase inhibitors that bind to the ATP site are not unexpected. All contain multiple aromatic rings, have similar mass (393-580 AMU) and are relatively hydrophobic with calculated octanol/water partition coefficients (logP) above 3 (sunitinib is between 2 and 3 depending on the method used). On average, the predominate enzyme involved in the metabolism of these kinase inhibitors is CYP3A4. CYP3A4 is an inducible enzyme and numerous compounds that agonize the nuclear receptor PXR have been shown to increase CYP3A4 expression. While the hepatic levels of the corresponding rat and mouse P450 enzyme are relatively consistent, presumably due to their controlled diet and environment, CYP3A4 levels are highly variable in humans. Differences of five-to ten-fold between individuals are not uncommon (108) . This is likely to play a role in the large interindividual differences observed with some of the drugs.
Due to the cellular location of the kinase domain of the targets, each inhibitor must be capable of entering the tumor cell at appropriate concentrations. Drug transport proteins are of particular importance as the presence of influx transporters allows appropriate intracellular levels of imatinib within tumors (14) . Decreased levels of these influx transporters led to a resistant phenotype. Similarly, the potency of dasatinib was decreased two-to ten-fold in cells that expressed efflux transporters (32) . In addition to the drug level within the tumor, transporters can have large effects on concentration within individual tissues. Most of the kinase inhibitors are actively excluded from the brain and may not be suitable for the treatment of primary brain tumors or tumors that have metastasized to the brain. Because of the dim prognosis of Her2-positive breast cancer patients after brain metastasis, there may be a need for additional Her-2 targeted kinase inhibitors that have improved CNS penetration.
Several compounds were found to accumulate in the liver at concentrations several fold higher than plasma levels. This is likely to increase the rate of compound metabolism and the extent of P450 inhibition is likely to be higher than would otherwise be expected based on plasma levels. However, hepatic accumulation may offer benefit as the liver is a common site of metastasis for several cancers. The high hepatic drug concentrations may make an increasingly hostile environment, decreasing hepatic tumor metastasis.
Expert Opinion
The potential of pharmacokinetic drug-drug interactions are commonly evaluated based upon P450 inhibition studies. Of the eight kinase inhibitors reviewed, several are moderate to strong inhibitors of cytochrome P450, leading to the potential for drug-drug interactions. Cancer patients are likely to be on numerous medications due to their disease, age and for pain management. Additionally, treatment-related side effects may require additional medications, e.g. blood pressure lowering drugs for sunitinib or sorafenib. While the reviewed kinase inhibitors may cause clinically relevant pharmacokinetic drug-drug interactions with concomitantly administered drugs due to P450 inhibition, in most cases the bigger concern would be other compounds altering the concentration of the kinase inhibitor due to their more narrow safety index. All of the kinase inhibitors, except sorafenib, had significantly altered concentration when co-dosed with a CYP3A4 inhibitor or inducer. In most cases, inhibitors caused increases in AUC of over 50% and inducers caused decreases greater than 50%. While it may require some level of guessing, it would be nice to have clarification if the AUC increase or decrease would be expected to increase toxicity or lead to a lack of efficacy.
Ketoconazole has been used as the inhibitor of choice to evaluate clinical pharmacokinetic drug-drug interactions via CYP3A4 inhibition. For compounds that are substrates for efflux transporters such as P-gp, results are likely to be complicated by ketoconazole inhibiting metabolism through CYP3A4 and CYP3A5 and by decreased transport of compound from the liver into the bile/gall bladder. The roles of each pathway could be better evaluated using P450 or transporter specific compounds. This is illustrated by nilotinib which is primarily excreted unchanged with only 30% of the dose excreted as metabolites; however, when codosed with ketoconazole, the AUC of nilotinib is increased 3-fold. Inhibition of CYP3A4 alone should not cause such a pronounced effect independently.
The challenges in selectively targeting individual kinases through competitive binding to the kinases ATP site have in some cases resulted in the development of relatively non-specific inhibitors. However, when compared to the available monoclonal antibody inhibitors, it is not clear that limited non-selectivity actually increases toxicity. The most important determination of overall toxicity is likely to correlate with inhibition of select kinases and not necessarily to the total number inhibited. Further data will be required to build a list of kinases that are important to avoid inhibiting. Trying to distinguish acute and chronic toxicity due to inhibition of the intended target and off target effects is a daunting task, particularly considering the numerous kinases most of the current drugs inhibit, the limited number of compounds with which to make meaningful correlations, and toxicities from the underlying disease.
Three of the compounds, dasatinib, gefitinib and erlotinib have been demonstrated to form reactive intermediates which are capable of covalently modifying biomolecules. Similar reactive intermediates might be predicted for lapatinib and sorafenib based on structural similarity. Chemical toxicity due to reactive intermediate formation can be acute such as that seen with acetaminophen overdose, which is usually dose dependent, happens with most individuals, and often can be predicted based on animal models. Idiosyncratic drug-induced toxicity is believed to be immune mediated and has been seen with many compounds that are metabolized to reactive intermediates in the liver, e.g. halothane, tienilic acid, dihydralazine, diclofenac, phenytoin, felbamate and carbamazepine. Idiosyncratic toxicity is usually seen in only a small percentage of drug-treated individuals, is not strictly dose dependent, is usually observed after a few weeks or months of initiating treatment and is poorly predicted by animal models. Because of the severity of the diseases being treated and the high background toxicity of the kinase inhibitors, it may be nearly impossible to determine the extent, if any, reactive intermediate formation has on toxicity of the compounds. While higher associated drug toxicities may be acceptable due to the severity of the disease being treated, if it is possible through slight structural modifications to decrease the potential for toxicity without decreasing efficacy, this should be strived for.
An increased understanding of the importance of cellular transporters has highlighted an addressable limitation in the kinase inhibitors presented here. Efflux transporters are likely to limit the utility of these inhibitors for individual cancers or after metastasis to different tissues. Most of the compounds described were exported by P-gp or BCRP. Tissues that express high concentrations of P-gp such as the brain, adrenal cortex, or adrenal gland or those that express high BCRP levels such as the brain and uterus are unlikely to be effectively treated by the current inhibitors. Development of compounds that are not substrates for these efflux transporters may broaden the utility of the inhibitors and decrease the chance of resistance due to up regulation of drug transporters.
Article highlights
• The primary enzymes influencing the pharmacokinetics and tissue distribution of the reviewed kinase inhibitors are cytochrome P450 3A4 and the ATPbinding cassette transporters P-gp (ABCB1) and BCRP (ABCG2). Despite the importance of transporters, tests are not currently utilized in a clinical setting to match patients and therapies.
• Clinical drug-drug interactions are observed for all of the reviewed compounds except sorafenib when simultaneously dosed with CYP3A4 inhibitors or inducers.
• Under repeat-dosing conditions, maximum drug concentrations for most of the reviewed kinases accumulate two-to three-fold when compared to single dose conditions.
• While better tolerated than traditional cytotoxics, all of the compounds have significant associated toxicity. This is likely a combination of mechanistic toxicity due to inhibition of the intended target, off target toxicity, and possibly for a subset of the inhibitors due to formation of reactive intermediates during metabolism. Proposed mechanism for P450-mediated bioactivation of dasatinib, erlotinib, and gefitinib. Pharmacokinetic parameters. Cellular and biochemical potency. (123) Yes (30%) (Ket) -ketoconazole, (Rif) -rifampicin, (CBZ) -carbamazepine, (GB) -gall bladder
